Nitrate from agricultural activity contributes to nutrient loading in surface water bodies such as the Mississippi River. Th is study demonstrates a novel in-stream bioreactor that uses carbonaceous solids (woodchips) to promote denitrifi cation of agricultural drainage. Th e reactor (40 m 3 ) was trenched into the bottom of an existing agricultural drainage ditch in southern Ontario (Avon site), and fl ow was induced through the reactor by construction of a gravel riffl e in the streambed. Over the fi rst 1.5 yr of operation, mean infl uent NO 3 -N of 4.8 mg L −1 was attenuated to 1.04 mg L −1 at a mean reactor fl ow rate of 24 L min −1
Nitrate from agricultural activity contributes to nutrient loading in surface water bodies such as the Mississippi River. Th is study demonstrates a novel in-stream bioreactor that uses carbonaceous solids (woodchips) to promote denitrifi cation of agricultural drainage. Th e reactor (40 m 3 ) was trenched into the bottom of an existing agricultural drainage ditch in southern Ontario (Avon site), and fl ow was induced through the reactor by construction of a gravel riffl e in the streambed. Over the fi rst 1.5 yr of operation, mean infl uent NO 3 -N of 4.8 mg L −1 was attenuated to 1.04 mg L −1 at a mean reactor fl ow rate of 24 L min −1
. A series of fl ow-step tests, facilitated by an adjustable height outlet pipe, demonstrated that nitrate mass removal generally increased with increasing fl ow rate. When removal rates were not nitrate-limited, areal mass removal ranged from 11 mg N m −2 h −1 at 3°C to 220 mg N m −2 h −1 at 14°C (n = 27), exceeding rates reported for some surface-fl ow constructed wetlands in this climatic region by a factor of about 40. Over the course of the fi eld trial, reactor fl ow rates decreased as a result of silt accumulation on top of the gravel infi ltration gallery. Design modifi cations are currently being implemented to mitigate the eff ects of siltation. In-stream reactors have the potential to be scaled larger and could be more manageable than attempting to address nitrate loading from individual tile drains. Th ey could also work well in combination with other nitrate control techniques.
In-Stream Bioreactor for Agricultural Nitrate Treatment
W. D. Robertson* University of Waterloo L. C. Merkley Upper Thames River Conservation Authority T he discovery of an expanding area of seasonal hypoxia in northern coastal waters of the Gulf of Mexico (Rabalais et al., 2001) has drawn attention to the issue of agricultural nitrogen loading to surface waters. Nitrogen fl ux in the lower Mississippi River, largely as NO 3 , has tripled over the last several decades (Goolsby et al., 2001) and is believed to exert a strong infl uence on the trophic status of the Gulf of Mexico. A large portion of this nitrogen originates from drainage basins in the U.S. Upper Midwest. Th ese basins largely drain cropland (Fausey et al., 1995; McIsaac and Hu, 2004) and have N yields several times higher than other areas (Goolsby et al., 2001 ). Drainage enhancement is widespread in this area -up to 50% of all croplands in some midwestern states are drained (Fausey et al., 1995) .
Although drainage enhancement improves crop yields, subsurface drainage lines (i.e., tile drains) also provide a route for direct migration of shallow nitrate-rich groundwater from agricultural fi elds into adjacent streams (Gilliam et al., 1979; Gold and Loudon, 1989; Patni et al., 1996; David et al., 1997; Randall et al., 1997; Kovacic et al., 2000; Gentry et al., 2000; McIsaac and Hu, 2004; Keller et al., 2008) . Consequently, potential nitrate attenuation zones, which may occur in riparian environments and in deeper anaerobic groundwaters (Gilliam et al., 1979; Bohlke and Denver, 1995; Hill, 1996; Puckett, 2004; Kellogg et al., 2005; Mehnert et al., 2007) , are bypassed. In recognition of this, a number of schemes have been implemented aimed at mitigating nitrate loading from tile drains. Th ese have included use of constructed wetlands (Hey et al., 1994; Hunt et al., 1999; Xue et al., 1999; Kovacic et al., 2000) , fl ow manipulations that reduce tile fl ows during the non-growing season (Gilliam et al., 1979; Gilliam and Skaggs, 1986; Fausey et al., 1995) , and the use of bioreactors that stimulate denitrifi cation. Blowes et al. (1994) and Robertson et al. (2000) used end-of-pipe bioreactors containing a variety of carbonaceous solids (compost, tree mulch, manure, and sawdust) to promote denitrifi cation of tile drainage. van Driel et al. (2006) demonstrated that reactors using coarse wood-particle media (woodchips) could provide close to full-scale treatment of tile fl ows at reaction rates that were an order of magnitude higher than rates reported for constructed wetlands. Jaynes et al. (2008) installed parallel "denitrifi cation walls" consisting of woodchips along the length of a tile drain and observed a 55% decrease in nitrate export over a 5-yr period.
Although end-of-pipe remediation schemes show promise, widespread implementation could be a daunting task in many areas due to the large number of tile drains. Furthermore, drainage improvements have been ongoing in the U.S. Midwest for over 100 yr (Tomer et al., 2003; McIsaac and Hu, 2004) and the exact location of many older tile drains is unknown. Th e eff ectiveness of mitigation options such as water table management schemes may also be limited at some sites because of physiographic characteristics, particularly at sites that are less fl at.
In the current study, a novel in-stream bioreactor is used to stimulate nitrate removal in an agricultural drainage ditch. Th e reactor employs the same coarse wood-particle media used previously by van Driel et al. (2006) for end-of-pipe treatment, except that in this case the reactor is installed into the streambed of a drainage ditch that captures fl ow from several upstream tile drains. Th e current design takes advantage of the previous fi nding of van Driel et al. (2006) -that nitrate removal rates in coarse wood-particle media (woodchips) are equal to those for fi ner sawdust formulations because of the dual porosity characteristic, yet the coarse media maintain a very high hydraulic conductivity (K) of ~1 cm s . Th is high permeability characteristic allows in-stream reactors to achieve high fl ow-through rates from only a small hydraulic head drop, induced in this case by the placement of a gravel riffl e on top of the reactor. In-stream reactors have the advantage that they can be implemented at larger scales and can thus potentially be easier to manage than attempting to mitigate tile drains individually. Th e reactor was trenched into the bottom of an existing drainage ditch, thus no additional land area was used and no changes to existing agricultural practice were required. Field and modeling studies have indicated that decreasing N export by reducing fertilizer use also lowers crop yields (Jaynes et al., 2001; Hu et al., 2007) , making such a management option less attractive. Th e objective of the current study was to assess if such an in-stream reactor could maintain desired fl ow-through characteristics and remain adequately reactive under all seasonal conditions. We also demonstrate a simple method (fl ow regulation using an adjustable-height outlet pipe) for maximizing nitrate mass removal in the reactor.
Site Description
Th e test reactor was installed at a site near the city of Stratford in southern Ontario (80 o 50′ E, 43° 20′ N; Fig. 1 ). Th e installation occurred in a fi rst-order stream (Avon site) that has been extensively ditched over previous decades to facilitate drainage of adjacent agricultural lands that are cropped predominantly in a corn (Zea mays L.)-soybean (Glycine max L.) rotation. In this region, the recommended N application rate for corn production is 100 to 200 kg N ha −1 yr −1 (Ontario Ministry of Agriculture and Food [OMAF], 2003) . Adjacent fi elds receive applications of both chemical fertilizer and manure. Th e stream is 2 to 3 m wide and extends for a distance of 1 km upstream from the installation site. Th e Upper Th ames River Conservation Authority has estimated there are on the order of eight tile outlets per kilometer along this reach of the Avon River. Th ere are at least four tile outlets discharging upstream of the installation site. Th e stream is steep-sided and has been ditched to a depth of 1 to 2 m into recent stream alluvium, which consists of a heterogeneous mix of gravel, sand, silt, and clay deposits (Karrow, 1970) . Th e streambed is extensively vegetated with aquatic macrophytes, has a low hydraulic gradient (~0.001), and freezes over intermittently during the winter months (December-March).
Methods

Reactor Construction
Th e reactor was trenched into the bottom of the streambed using a mechanical excavator. Th e reactor is 20 m long, 2.5 m in width, and was installed to a depth of 1.0 m below the streambed (Fig. 1) . Stream fl ow was stopped during construction using an upstream berm, then 40 m 3 of permeable coarse wood-particle media (woodchips) were placed into the excavated trench using the excavator. An infi ltration gallery consisting of a 20 cm thick layer of 1 to 2 cm diameter gravel was then placed over the upstream half of the reactor, while a confi ning layer of low permeability silt spoil material was placed over the downstream half of the reactor (Fig. 1) . Flow was then induced through the reactor by installing an outlet drainage pipe (10 cm diameter perforated PVC pipe with 10 cm diameter drainage line) and increasing the water level over the reactor by constructing a 30 cm high cobble berm at its downstream end ( Fig.  1) . Th e drainage line discharges downstream of the berm and consists of fl exible hose that allows the decant elevation to be adjusted. Th us, the hydraulic head drop and, hence, the fl ow rate through the reactor can be manipulated. Th e reactor was constructed and commissioned on a single day (1 Nov. 2006).
Sampling and Analysis
During the fi rst 1.5 yr of operation, samples were collected daily to monthly from the stream and from the reactor outlet pipe using a 50 cc syringe. Samples were fi ltered in the fi eld (0.45 μm) and were accompanied by fi eld measurements of effl uent temperature and fl ow rate. Nitrate concentrations were analyzed at the Soil and Nutrient Laboratory, University of Guelph, ON, using a colorimetric technique (Cd reduction) with a Technicon TRAACS-800 autoanalyzer (Technicon Instruments, Tarrytown, NY). Some samples were analyzed for a more complete suite of anions (NO 3 , SO 4 , Cl) to test for the possibility of sulfate reduction. Th ese were analyzed in the Earth and Environmental Sciences Department, University of Waterloo, by ion chromatography using a Dionex model ICS-90 (Dionex, Sunnyvale, CA). Samples where also collected occasionally for additional water quality parameters including NH 4 , total kjeldal nitrogen (TKN), biological oxygen demand (BOD), dissolved oxygen (DO), total suspended solids (TSS), dissolved organic carbon (DOC), total phenolic content, and a suite of 46 volatile organic compounds (VOCs). Dissolved oxygen was measured in the fi eld using a colorimetric test kit (K7512, Chemetrics, Calverton, VA); NH 4 was analyzed at the University of Guelph using a colorimetric technique with a Technicon TRAACS-800 autoanalyzer; and DOC was measured in the Earth and Environmental Sciences Department, University of Waterloo, using a Dohrman DC-190 total carbon analyzer (Dohrman, Santa Clara, CA). Samples for total phenolic content were preserved with H 2 SO 4 and analyzed at Maxxam Analytics, Inc. (Mississauga, ON), using standard methods (USEPA Method 9066). Samples for VOC analysis were collected in triplicate in glass vials with Tefl on-lined septa, and were analyzed at Maxxam Analytics, Inc., by gas chromatography-mass spectrometry analysis using standard methods (USEPA Method 8260). Analysis of BOD and TSS were also completed at Maxxam Analytics, Inc., using standard methods.
Flow-step Tests
Th e reactor fl ow rate was measured at the outlet pipe during each sampling event using a calibrated bucket and stopwatch. On four occasions (months 1, 5, 6, and 18 of operation) a series of fl ow-step tests were completed in which the decant elevation of the outlet pipe was adjusted in 1-to 3-cm increments and the modifi ed fl ow rate was measured. Two staff gauges were installed in the streambed`-one beside the outlet pipe and the second overlying the reactor -and their relative elevations were surveyed to allow determination of the hydraulic head diff erence between the pond of water overlying the reactor and the decant elevation of the outlet pipe.
Results
Reactor Flow
Flow through the reactor ranged from 1 to 48 L min −1 during the fi rst 1.5 yr of operation (Fig. 2) and averaged 24 L min −1 (n = 63; Table 1 ). Th e four step tests (Fig. 3) showed that, in each case, fl ow through the reactor was linearly correlated with the hydraulic head drop (r 2 = 0.97-0.99), thus use of a variable-height outlet pipe was an eff ective means for controlling the fl ow rate through the reactor. However, declining fl ow rates in the latter tests indicated that permeability deterioration occurred over time (see below).
During December 2006 and January 2007, the stream remained generally unfrozen and normal fl ow continued through the reactor. In early February 2007, the ditch drifted in with snow, curtailing further monitoring until late March, at which time the reactor was found to be fl owing normally (Fig. 2) . In mid-January 2008, the stream became ice covered once again, but monitoring revealed that fl ow through the reactor continued and nitrate removal remained active (e.g., 31 Jan., 6.5 L min 
Nitrate Treatment
Nitrate-N concentrations in the agricultural drain varied seasonally, ranging from 3 to 11 mg L −1 during the non-growing season (December-May), but then declining to <2 mg L −1 during mid-summer (Fig. 2) . Th is seasonal range of temperatures and nitrate concentrations is similar to that reported by Royer et al. (2004) for fi ve headwater agricultural streams in eastcentral Illinois. Nitrate-N removal in the reactor was generally complete (<0.1 mg L −1 ) during warm-season operation (effl uent temperature > 10°C) but residual NO 3 -N of 1 to 5 mg L −1 remained during cold-season operation (Fig. 2) when removal rates were lower (Fig. 4) . Overall, the mean NO 3 -N removal amount was 3.8 mg L −1 and the mean stream NO 3 -N concentration of 4.8 mg L −1 was attenuated to 1.04 mg L −1 in the reactor effl uent (n = 63; Table 1 ). Th e relatively minor amount of NH 4 -N present in the reactor effl uent (mean = 0.09 mg L −1 , n = 8; Table 1) supports the likelihood that nitrate removal was the result of denitrifi cation (Eq. [1]) rather than being the result of other potential attenuation mechanisms, such as dissimilatory nitrate reduction to ammonium. Ammonium values were obtained during months four through 18 of operation and exhibited a maximum concentration of 0.23 mg L −1 N (month 11). 
N Mass Removal
Highest surface-area-normalized mass removal, calculated as the reactor fl ow rate multiplied by the amount of NO 3 -N removed divided by the surface area of the reactor (50 m 2 ), was ~200 mg N m −2 h −1 and occurred during higher fl ow conditions (Fig. 2) . Nitrogen mass removal was generally correlated with the fl ow rate (r 2 = 0.74; Fig. 5 ) presumably because at lower fl ows nitrate was frequently fully depleted (Fig. 2) , thereby limiting further mass removal. Excluding monitoring events when effl uent NO 3 -N concentrations were <0.5 mg L −1 (at which time it was assumed arbitrarily that these low concentrations were ratelimiting) and data from the fi rst 3 mo of operation when removal rates were higher, nitrate removal ranged from 11 mg N m −2 h −1 at 3°C to 220 mg N m −2 h −1 at 14°C (Fig. 4) . Th us, some of the data scatter on Fig. 5 refl ects the temperature dependency of the reaction rate. Note that the reaction rates indicated on Fig. 4 and Fig. 5 assume that the full volume of the reactor (40 m 3 ) contributes uniformly to nitrate removal. In reality some leakage likely occurred through the silt cover layer overlying the downstream half of the reactor. Such leakage would have a shorter hydraulic retention time in the reactor and likely represented a greater proportion of total fl ow during the latter part of the fi eld trial when fl ows were lower. Consequently, in this regard, reaction rates should be viewed as conservative. Table 1 shows that effl uent from the reactor met Canadian surface water guidelines for all parameters tested except for to- (CCREM, 1995) .
Other Water Quality Parameters
§ BOD, biological oxygen demand; TSS, total suspended solids; DOC, dissolved organic carbon; DO, dissolved oxygen. ¶ Guideline is for aesthetic consideration (fi sh taste); toxicity threshold is much higher (~2500 μg L −1 ). ) for all compounds tested, several of which are included in Table 1 . Th e mean total phenolic content of 4.8 μg L −1 was slightly above the Canadian surface water guideline of 1 μg L −1 (Table 1) . Th is criterion, however, is an aesthetic consideration (fi sh taste), whereas the toxicity threshold for this compound is several orders of magnitude higher than this value (Canadian Council of Resource and Environment Ministers [CCREM], 1995) . Th e occurrence of phenolic compounds is common in wood leachate (Taylor et al., 1996) .
Discussion
Flow Control
Reactor N mass removal generally increased with increasing fl ow (Fig. 5) ; thus an ability to control fl ow was important for effi cient use of the reactor. Although more complete nitrate removal occurred at lower fl ows ( Fig. 2 and 6 Sulfate reduction generates an undesirable reaction byproduct (H 2 S; Eq. [2]) and would preferably be avoided. In this case, sulfate reduction appeared to be inhibited in the presence of 0.5 to 1 mg L −1 NO 3 -N (Fig. 6) , consistent with previous studies (Appelo and Postma, 1994; Robertson et al., 2008a) . During the lower-fl ow leg of the month six step test, when NO 3 -N removal was complete, up to 9 mg L −1 of SO 4 depletion occurred and was accompanied by a distinct odor of H 2 S, suggesting that sulfate reduction was occurring at that time. Th us, the ability to control the fl ow rate is also advantageous for limiting the onset of undesirable secondary reactions.
Media Longevity
Bioreactors are more cost eff ective if frequent media replacement is not required. At the maximum NO 3 removal rate measured in this study (220 mg N m . Th e reactor initially contained ~6000 kg C (~150 kg C m
−3
). Th us, denitrifi cation under conditions tested in this study, would consume <2% annually of the initial carbon mass present. Although not all of the carbon liberated during cellulose fermentation (e.g., CO 2 ) will be available to support denitrifi cation, the above calculation nonetheless illustrates the potential for considerable longevity. Previous studies using wood-particle media to treat agricultural and septic system nitrate have reported consistent treatment over multi-year (Schipper and Vojvodic-Vukovic, 2001; Robertson et al., 2005; Jaynes et al., 2008; Robertson et al., 2008a) and decadal timeframes (Robertson et al., 2008b) .
Operation and Maintenance
Reactor fl ows declined progressively over the fi eld trial (Fig.  3) , indicating that permeability deterioration had occurred. From the regression lines on Fig. 3 , and assuming that the measured hydraulic head drop occurred predominantly within the downstream half of the reactor (length = 10 m) where little infl ow occurred, the Darcy equation (Freeze and Cherry, 1979) indicates that the hydraulic conductivity (K) of the media was 10 cm s −1 at month one but declined to 0.47 cm s −1 at month 18. Th is behavior is in contrast to other fi eld trials Values from the fi rst 3 mo of operation, when rates were higher, are excluded.
using similar wood particle media where consistent hydraulic conductivity values have been observed over periods of up to 7 yr (Robertson et al., 2008a) . Inspection of the gravel infi ltration gallery at month 12 revealed that a ~20-cm thick layer of silt had accumulated on top of the gravel at that time. When an area of this silt layer was removed, fl ow increased abruptly from 8 to 16 L min −1 (month 13, Fig. 2 ), indicating that the fl ow decrease was related to fouling of the infi ltration gallery by the suspended sediment load in the stream. Lower TSS values in the reactor effl uent compared to the stream water (4 vs. 45 mg L −1
; Table 1 ) provided additional evidence that the reactor was actively fi ltering the stream-suspended sediment load. Th e Avon drainage ditch has a very low hydraulic gradient (0.001) and has been trenched into silt-rich sediments, making this site particularly vulnerable to siltation. Current experience suggests that periodic maintenance involving silt removal may be required at this site and that these reactors may not be appropriate for some sites with high rates of erosion and heavy suspended sediment loads. Floods could also cause rapid siltation over a short period of time. Propensity for siltation is site specifi c, however, and may be of lesser concern at other sites. Reactor design modifi cations relating to the geometry and permeability characteristics of the infi ltration gallery are currently being implemented at the Avon site, aimed at mitigating the eff ects of siltation. Other techniques, such as the use of silt traps and constructed wetlands, could also be eff ective in reducing the impact of siltation (see below). Although siltation may increase maintenance requirements, it should be noted that phosphorus export in agricultural streams is often dominated by the suspended sediment load (Sharpley et al., 1992) , thus removal of the suspended sediment load could have the benefi cial eff ect of reducing stream P export.
Seasonality and Use with other N Mitigation Techniques
Nitrate export from agricultural basins in the U.S. Midwest and elsewhere occurs predominantly during the non-growing season and is associated with high fl ow events (David et al., 1997; Tomer et al., 2003; Royer et al., 2006; Hu et al., 2007; Mehnert et al., 2007; Keller et al., 2008) . Such seasonality presents challenges for biologically mediated treatment systems because they are less eff ective at colder temperatures. Although stream fl ows were not measured in this study, the Avon stream appears to follow a similar pattern of higher nitrate export during the non-growing season. Stream nitrate concentrations averaged 5.1 ± 1.5 mg L −1 during the non-growing season (1 Dec. to 31 May, n = 38) compared to 3.7 ± 1.9 mg L −1 during the growing season (1 June 1 to 31 Nov., n = 22), and higher stream fl ows generally occurred during the non-growing season. Although lower reaction rates were measured in the reactor during the non-growing season, nitrate removal remained active even at effl uent temperatures as low as 2 to 4°C (Fig. 4) . At temperatures of 5 to 10 o C, which are likely to be typical of many U.S. Midwest streams during the non-growing season, reaction rates were generally in the range of 30 to 200 mg N m −2 h −1 (Fig. 4) . It is of interest to compare these rates to those measured in other remediation systems treating agricultural nitrate, particularly constructed wetlands. Tomer et al. (2003) determined a regression equation for nitrate removal at diff erent temperatures (Fig. 4 ) using nitrate removal rates measured by Xue et al. (1999) in fi eld mesocosms at two surface-fl ow constructed wetlands in Illinois treating tile drainage (2.0-11.8 mg N m −2 h −1 at 4-25°C). Avon reactor rates that were not nitrate-limited were about 40 times higher than those for the constructed wetlands (Fig. 4) . Th e reactor rates were also more than an order of magnitude higher than natural rates of benthic denitrifi cation reported for several headwater agricultural streams in Illinois (<0.1-15 mg N m −2 h −1 ; Royer et al., 2004) .
At a representative reaction rate of 150 mg N m
), the reactor would attenuate 66 kg N yr −1 . Considering a typical rate of NO 3 -N fl ux from tile-drained, agricultural watersheds in the U.S. Midwest (e.g., Walnut Creek watershed, IA, ~20 kg N ha −1 yr −1 ; Tomer et al., 2003) , the 40 m 3 reactor could potentially treat fl ows from a fi eld 3.3 ha in area. Wood-particle barriers and reactors have already been used to treat nitrate in a number of agricultural and wastewater settings. Schipper and Vojvodic-Vukovic (2001) used a reactive wall consisting of a sand-sawdust mixture to treat groundwater nitrate from a fi eld where manure was applied, and they observed consistent treatment over a 5-yr period at a potential removal rate of about 0.5 mg N L (media)
. van Driel et al. (2006) used a lined trench containing coarse woodparticle media to provide "end-of-pipe" nitrate treatment for . In-stream reactors could be useful tools to enhance the inherent N reduction capability that agricultural drainage ditches and streams already possess (Royer et al., 2004; Kroger et al., 2007) or they could be included as components of other nitrate remediation schemes. Wood-particle reactors could be readily incorporated with constructed wetlands, thereby increasing their overall N removal effi ciency and potentially allowing their size to be reduced. Reactors could be installed near the outlet of the wetland, thereby taking advantage of the hydraulic head drop normally associated with the outlet structure. A reactor at this location would also benefi t from the capacity of wetlands to act as silt traps, thereby mitigating the problem of siltation experienced in this study. Other nitrate control schemes could also compliment this technology, particularly water table management schemes which decrease nitrate export during the crucial non-growing season by employing fl ow control structures that simultaneously reduce tile fl ows and increase water table height, thereby enhancing natural denitrifi cation (Gilliam and Skaggs, 1986; Fausey et al., 1995) . Although the installation of denitrifi cation walls and end-of-pipe bioreactors may be feasible during the construction of new tile drains, retrofi tting existing tile drains may be less practical because of their large numbers and because, in many cases, their exact locations are not known. In-stream reactors may off er a solution for remediating nitrate from these older tile drains.
Conclusions and Implications
Th e Avon in-stream reactor provided eff ective nitrate removal under all seasonal conditions, although design modifi cations are being investigated to mitigate the eff ects of siltation. Nitrate removal rates were temperature dependant, but removal remained active throughout the non-growing season (e.g., 11-100 mg N m −2 h −1 at 3-6°C; Fig. 4 ). Nitrate mass removal was generally higher at higher fl ow rates; thus an ability to manipulate fl ow enhanced the effi ciency of the reactor. Although higher removal rates occurred at higher fl ows, N removal is assumed to be ultimately limited by the rate of carbon liberation from cellulose fermentation activity in the reactive media. Note also that before the onset of denitrifi cation, DO depletion must fi rst occur. Considering the mean NO 3 -N removal amount of 3.8 mg L −1 and the mean stream DO value of 8 mg L −1 (Table 1 ), Eq.
[1] and Eq. [3] indicate that carbon consumption from these two redox reactions would be 0.34 mmol L -1 for denitrifi cation and 0.25 mmol L -1 for DO consumption. If the rate of C liberation is constant, however, and if denitrifi cation is not nitratelimited, further increases in fl ow would increase the proportion of C consumed by DO, thereby decreasing the amount available for denitrifi cation. Th is further illustrates the importance of fl ow-control for effi cient use of the reactor.
In-stream reactors are simple to construct, and the reactive media used in this study (wood-particles) is readily available at low cost in many agricultural areas. Such reactors thus have the potential to be scaled considerably larger to treat larger fl ows. However, it should be noted that the reactor effl uent is anaerobic and will thus result in a temporary DO decrease downstream of the reactor. Th e proportion of stream fl ow that can be treated by such a reactor may therefore be limited at some sites by an acceptable limit on DO decrease (perhaps 10-20%). In such cases, it may be preferable to stage a series of reactors at successive locations along a stream course to enable more complete nitrate removal.
In-stream reactors could be attractive options for nitrate control because they do not require modifi cation of existing agricultural practice, no additional land area is used, and they can be implemented at larger scales that could be more manageable than attempting to remediate tile drains individually. Th ey could also work well in combination with other mitigation strategies. For example, water table management schemes have the potential to reduce N export during the non-growing season when treatment effi ciencies of biologically mediated treatment systems such as these are lower, or such reactors could be included as components of constructed wetlands, thereby taking advantage of their capacity as silt traps while improving their overall N removal effi ciency.
